Cellular therapies are rapidly emerging as a robust approach to treating of a range of diseases, promising improved persistence, targeting, and efficacy over current biologic agents. In particular, T cell-based adoptive cellular therapy (ACT), combined with chimeric antigen receptor technologies, has seen significant successes in the treatment of cancer. [1] A central step in T cell ACT is the ex vivo expansion of a smaller starting population, producing therapeutically relevant numbers of cells and allow manipulations that are not practical in vivo. A leading platform for initiating this expansion, the CTS Dynabeads system, consists of microscale plastic beads coated with activating antibodies to CD3 and CD28; engagement of these two receptors on the T cell by mixing them with the beads provides activating and costimulatory signals, initiating functional activation and subsequent proliferation. We describe here an alternative analysis of meshes indicated the presence of both PCL and PDMS [8] chemical groups, confirming incorporation of both polymers ( Figure S1 , Supporting Information). Additionally, PDMS:PCL fibers remained intact following immersion into dichloromethane, which dissolves pure PCL, further demonstrating successful blending of the two polymers. Electrospinning of PDMS:PCL was also achieved using MED-4086 (M4086, NuSil), a soft (E ≈ 50 kPa), medical grade elastomer ( Figure 1A ). Given its lower modulus and suitability for medical device production, the remainder of this report will focus only on M4086. By altering processing parameters, a set of polymer meshes ( Table 1 ) was generated ranging in diameter from submicrometer to multi-micrometer (referred to as nanoscale and microscale) and pore radii of up to ≈10 µm. Micrometer-scale fibers were further prepared using different PDMS:PCL ratios (series M1 vs M2) in order to test the effect of PDMS concentration on substrate mechanical properties and cell response. Finally, aligned fibers were produced by electrospinning onto a rotating mandrel rather than a stationary plate. Microscale, unaligned fibers of PCL alone served as controls.
The effect of incorporating PDMS on fiber rigidity was examined by atomic force microscopy (AFM, in tapping mode with a nanoscale tip). Focusing on microscale fibers, incorporation of M4086 PDMS produced a significant drop in rigidity from the range of 50 MPa (PCL) to hundreds of kPa (M2U), the range identified by O'Connor et al. as important for mechanosensing by human T cells. [2] However, measured rigidity varied as a function of position along individual fibers, as illustrated in Figure 1B ; the z-axis of this region shows mesh topography, with local rigidity color mapped onto the substrate surface.
The ability of electrospun meshes to activate and induce expansion of cells was tested first using human primary T cells from healthy donors. Meshes were coated with an antimouse IgG antibody, which was then used to capture monoclonal activating antibodies to CD3 and CD28 (clones OKT3 and 9.3, respectively), a two-step approach that provides control over the orientation of the activating antibodies. [2] This method provided similar amounts of captured antibody across the M1U, M2U, and PCL fibers (α = 0.05, Figure S2 , Supporting Information), as measured by fluorescence microscopy. Furthermore, antibody capture was stable under cell culture conditions, with greater than 75% retention over 2 d ( Figure S2 , Supporting Information). These examples illustrate S184 mixed with PCL at a 1:1 (v/v) ratio, and M4086:PCL at a 5:2 ratio. These fibers are morphologically similar to PCL-only fibers. Scale bars = 5 µm. B) Local rigidity of an M2U mesh, as measured by AFM. Estimated Young's modulus, E, is encoded over fiber topography as a color skin. C) Substrate rigidity decreases with increasing PDMS concentration. Data are box plots representing 8-11 locations collected in a representative experiment. All conditions are significantly different from the others, as determined by one-way ANOVA (P < 0.01). Mixed populations of resting CD4 + and CD8 + T cells were seeded onto the prepared substrates in RPMI media supplemented with serum but no additional cytokines. Cells embedded into the meshes (Figure 2A) , interacting with individual fibers or junctions between fibers. Small clusters of cells were also observed, attached to the fibers. No attachment was observed in the absence of activating antibodies. By 3 d after seeding, cells had entered a phase of rapid division and were only loosely attached to the substrate. Cells were then removed from the mesh substrates by gentle aspiration and expanded in plain, unmodified plasticware. [2] Onset of rapid cell division was mirrored by an increase in cell volume from 200 to 800-900 fL ( Figure S3 , Supporting Information). Cells returned to a resting state over the next one to two weeks, accompanied by a decrease in cell volume and slowing of cell division, producing a peak in cell number (expressed as peak doublings), which is used in the following sections as a measure of cell proliferative potential and expansion.
Differences in expansion were observed as early as 3 d following seeding. Most prominently, PDMS:PCL meshes were more effective in inducing T cells to enter proliferation than the rigid, PCL-only control, as measured by CFSE dilution (percent dividing, PDIV, Figure 2C ). The average number of divisions exhibited by proliferating cells (proliferative index, PI) was higher for cells activated using the microscale M1U and M1A meshes than those activated on PCL or even Dynabeads ( Figure 2C ). Longer-term expansion of T cells followed these early readouts, as measured by peak doublings ( Figure 2D ). In particular, microscale PDMS:PCL meshes induced three to four additional doublings than PCL alone, corresponding to almost an order of magnitude more cells. Nanoscale fibers were less effective than their microscale counterparts, but still outperformed the PCL-only meshes. Comparing the M1 and M2 substrates, PDMS:PCL ratio had no significant effect on PDIV, PI, or peak doublings. Fiber alignment also had no detectable effect on these measures. All of the microscale PDMS:PCL fibers induced higher peak doublings than the Dynabeads platform.
Together, these results demonstrate that microscale PDMS:PCL fibers, particularly those of the M1 series, provide enhanced production of T cells.
It is increasingly recognized that cell quality, such as the ability of cells to carry out their reactive function, affects the www.adv-biosys.com www.advancedsciencenews.com potency and long-term performance of a cellular product. To test such aspects of populations expanded using the mesh substrates, cells were collected when average cell volume decreased below 400 fL then restimulated using CD3/CD28 Dynabeads for analysis of cell response. Secretion of IFNγ was assayed as a measure of CD4 + T cell function. A high percentage of CD4 + T cells in populations activated using the mesh platforms were capable of secreting IFNγ ( Figure 2E) , with no statistical difference detected across the meshes and Dynabeads (α = 0.05, n = 4 independent runs). Cells that were not restimulated (nostim) showed minimal secretion, demonstrating that cytokine secretion was associated with activation. An additional control (PRI) of resting T cells that had not previously undergone activation exhibited lower IFNγ secretion (P < 0.01). Mobilization of CD107b (LAMP2) to the cell surface was used as a measure of cytotoxic CD8 + T cell function. No difference was observed between cells expanded using any of the meshes or Dynabeads (α = 0.05, n = 4). By these measures, cells expanded on our mesh platforms exhibit similar responses as those produced using Dynabeads. Additional assays comparing phenotypic makeup (based on CCR7 and CD45RO surface expression) also showed no distinct differences as a function of expansion platform ( Figure S4 , Supporting Information).
A current challenge in deployment of ACT is that T cells from individuals undergoing care for cancer often show characteristics of exhaustion, [9] including decreased responsiveness to activation, [10] complicating efficient ex vivo expansion of these cells. [11] Inspired by the enhanced expansion observed on PDMS:PCL meshes in Figure 2 , we examined the use of this system with cells from patients undergoing treatment for CLL. Figure 3A reports expansion curves from two donors, showing comparatively successful (D1DYN) and unsuccessful (D2DYN) activation using Dynabeads. For both donors, the M1U and M2U meshes induced a greater number of divisions than either Dynabeads or PCL. Peak doublings from these and two additional CLL donors are compared in Figure 3B , revealing variability between individuals but consistent ability of microscale PDMS:PCL meshes to rescue T cell expansion.
Ex vivo cell expansion currently poses challenges to consistent deployment of T cell-based ACT. Antigen presenting cells provide a physiological approach to initiating this process, but the desire for simpler, manufacturable systems spurred development of alternative platforms. [12] Microscale polystyrene beads emerged as an effective replacement, but it is necessary to remove these particles from the resultant cellular product; beyond physical blockage of fluid flow, introduction of such structures into a patient carries additional risks including uncontrolled activation of T cells. Dynabeads are typically removed using magnets, but this process is incomplete. [13] The mesh platform introduced here, being composed of a single, contiguous construct, elegantly addresses this challenge and provides the added benefit of greater expansion and rescue of exhausted populations by leveraging the ability of T cells to respond to the rigidity of a stimulating surface.
Intriguingly, structuring the PDMS into fibers may play an important role in leveraging T cell mechanosensing. PCL is rigid, so the bulk modulus of even a 3:1 mix of PDMS:PCL would be expected to be tens of MPa, higher than the values identified as important for human T cell expansion. [2] However, T cells are roughly the size of individual fibers, suggesting that cells might respond to local structure of the material. This motivated the use of AFM to examine rigidity, and indeed these measurements report the local modulus of PCL mesh ( Figure 1C) as lower than the bulk material. The effect of structure is further seen in Figure 1C , in that fibers appear stiffest where structures overlap or are bundled and becomes softer by a factor of two or three along suspended spans. The question of which spatial scales and material structures are important to T cell mechanosensing remains to be fully resolved.
The intracellular molecular mechanisms allowing T cell mechanosensing during activation by TCR/CD28 are also not completely understood. Early studies demonstrated that the TCR complex could be activated by applying cellular-level forces to a T cell. [14] Complementary studies showed that T cells can apply significant traction forces to an underlying substrate through the TCR complex. [15] This suggests a feedback loop through which resistance to cell-generated forces sustains activation, allowing for rigidity sensing; in this direction, actomyosin contractility is required for a range of T cell functions including mechanosensing and overall stability of cellular interfaces. [16] Identification of the specific molecular linkages between these stages is an area of active research.
Finally, the enhanced expansion seen on the mesh platform was attained by changing the bulk material. In comparison to other substrate manipulations that have been proposed to modulate T cell production, including micro-/nanopatterning of an activating surface, [17] electrospinning of an elastomer mesh as described here is highly scalable. In conjunction with simplified removal from the cell growth system compared to beads, the mesh platform provides a strategic combination of properties that are needed for reliable production of clinically relevant numbers of T cells.
Experimental Section
Primary T Cells: Mixed CD4 + and CD8 + T cells were prepared from healthy adult donors (Leukopacks, New York Blood Center) or patients receiving care for CLL (whole blood, Dana-Farber Cancer Institute) using the RosetteSep system (Stemcell Technologies). Cells were stored in liquid nitrogen in complete media + 10% v/v DMSO.
Mesh Fabrication and Functionalization: Fibrous meshes were synthesized via electrospinning. For PDMS:PCL blends, NuSil MED-4086 PDMS (M4086) or Dow Corning Sylgard 184 PDMS (S184) and PCL (M n = 80 000; Sigma) were solubilized in 3:1 (v/v) dichloromethane:N,N-dimethylformamide to concentrations listed in Table 1 . Solutions were dispensed through a 25-gauge stainless steel blunt tipped needle. Unaligned meshes were captured onto a grounded static metal collector plate at 10-12 kV at a distance of 12 cm and flow rate of 1 mL h −1 . Aligned meshes were spun onto a rotating mandrel (2100 rpm). Meshes were coated with goat-antimouse IgG (MP Biomedicals, 2 µg mL −1 ) at room temperature for 2 h followed by a 1:4 mol mol −1 mix of antihuman CD3 (clone OKT3, Bio X Cell) to antihuman CD28 (9.3, Bio X Cell) for 2 h (2 µg mL −1 total solution). Meshes were then blocked with 5% bovine serum albumin (Sigma).
Meshes were characterized by FTIR (DigiLab Excalibur) spectroscopy and scanning electron microscopy (SEM, Hitachi S-4700, 2 kV, 10 µA). Meshes were precoated with gold-palladium for SEM. Mesh rigidity was estimated using AFM (Bruker MultiMode 8-HR, 5-20 nm ScanAsyst tips).
T Cell Expansion and Phenotype: Meshes presenting goat-antimouse IgG were coated with 1:5 mol mol −1 ratio of FITC-tagged mouse IgG-antihuman CD3 (Biolegend, clone OKT3) to nonfluorescent mouse IgG-antihuman CD3 (Bio X Cell, clone OKT3), then incubated in RPMI media at 37 °C. Protein concentration was quantified by widefield fluorescence microscopy.
T cell culture was carried out using RPMI 1640 media (Gibco) supplemented with l-glutamine (20 × 10 −6 m, Gibco), fetal bovine serum (5%, GE Healthcare), and HEPES (100 × 10 −6 m, Sigma). For expansions, cells were thawed then rested in complete media for 12-14 h (37 °C, 5% CO 2 /95% air) prior to use. Positive and negative controls consisted of stimulation with Dynabeads (CTS Dynabeads CD3/CD28, Thermo Fisher) and uncoated, nonactivating culture wells. T cells were seeded at 1 × 10 6 cells in a 1 mL volume into 15.6 mm diameter wells and incubated under standard cell culture conditions. Every second day, starting on day 3, cells were reseeded at 1 × 10 6 cells mL −1 . Cells were frozen when mean volume dropped below 400 fL.
Cells frozen at the end of expansion were thawed, allowed to rest, and restimulated using Dynabeads. Cells were assayed for IFNγ (Secretion assay, Miltenyi Biotech) and CD107b mobilization (anti-CD107b clone H4B4, Biolegend) at 4 and 12 h after restimulation. Cells were counterstained for CD4 and CD8, as described for phenotype analysis.
Statistical Analysis: Quantitative data collected over multiple, independent experiments are presented as mean ± standard deviation (s.d.), with the number of replicates indicated in the figure captions of Figures 2, S2, and S3 . No data were excluded on basis of appearance as an outlier. Normally distributed, homoscedastic data were analyzed by ANOVA followed by Tukey post hoc methods. In all cases, significance was defined at a two-tailed level of α = 0.05. Data were analyzed using the MATLAB software suite (Mathworks).
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